This paper demonstrates detailed investigation on aerodynamic loss of a linear turbine cascade which is subjected to periodic wakes shed from moving bars of the wake generator. In this case, parameters related to the wake, such as wake passing frequency (wake Strouhal number) or wake turbulence characteristics, are varied to see how these wake-related parameters affect the local loss distribution or mass-averaged loss coefficient of the turbine cascade. Free-stream turbulence intensity is changed by use of a turbulence grid. In Part I of the present study a focus is placed on the measurements by use of a pneumatic five-hole yawmeter, which provides time-averaged stagnation pressure distributions downstream of the moving bars as well as of the turbine cascade. Spanwise distributions of wake-affected exit flow angle are also measured. From this study it is found that the wake passing greatly affects not only the profile loss but secondary loss of the linear cascade. Noticeable change in exit flow angle is also identified. 
NOMENCLATURE

INTRODUCTION
Accurate predictions of aerodynamic performance of compressor or turbine stages in turbomachines are a critical key to successful aero-engines or gas turbines. Recently there arises a wide-spread awareness of the importance of unsteady flow effects on the aerodynamic performance, in particular wake-blade interaction phenomena. Progressive development of parallel supercomputers has made it possible to simulate the unsteady flow analyses ranging from a two-dimensional stage analysis to a semi-or full-annular stage analysis of turbomachines (Nozaki (1998) , Matsuo (1998) ). However, these kinds of approaches are neither cost-effective nor practical at this moment from the viewpoint of aerodynamic designers of turbomachines. In most cases the mixing plane concept is adopted to simplify the problem. When applicating this concept to a stage analysis using CFD, the flow properties downstream of a blade row are circumferentially averaged to smear out the pitchwise nonuniformity of the outlet flow field, which produces a steady and uniform inlet flow condition to a subsequent blade row. Although this approach greatly reduces computational loads required for the stage analysis and make it possible to execute parametric studies without any difficulty, it inevitably ignores the above-mentioned unsteady flow effects, resulting in less accurate prediction of the loss and/or exit flow angle. Numerical and experimental studies have been done to overcome this drawback within the frame of the mixing plane concept. Hall (1997a Hall ( , 1997b executed time-dependent flow analyses in a 1.5 stage of a compressor, and developed a model to account for the effect of wake-blade interaction within the frame of a mixing plane approach using the concept of deterministic stress proposed by Adamczyk (1985) . While numerical approaches need to be more sophisticated, experimental efforts should be continued for compiling the database and seeking the physics of wake-blade interaction phenomena. Curtis et al. (1997) or Schulte and Hodson (1998) examined the effects of wake-blade interaction upon the stagnation pressure loss of LP turbine cascades, using moving bar cascade as wake generator. Curtis et al. consequently revealed the importance of the unsteady effects and raised a question to the reliability of CFD in predicting cascade loss. Schulte and Hodson indicated a possibility for reducing the cascade loss by properly selecting wake passing frequency or wake strength. Hodson and Dawes (1996) made numerical simulations of the above-mentioned experiments done by Curtis et al., and reported a considerable influence of the static pressure fluctuation upon the stagnation pressure distribution downstream of the cascade. More recently Venable et al. (1998) carried out experiments of rotor-stator interaction using a turbine stage in the shock-tunnel facility and discussed the effect of Figure 2 Test section and the model cascade the rotor-stator spacing upon the aerodynamic performance of the turbine stage through comparisons between the experimental data and numerical analyses. Funazaki et al. (1997) conducted a cascade experiment similar to that of Schulte and Hodson using a HP turbine linear cascade of relatively low aspect ratio. They found that the wake passing affected not only the profile loss but the secondary loss of the cascade, however the flow parameters examined were very limited and much remained to be done. The aim of this study is therefore to investigate the effects of the wake-blade interaction upon the cascade loss in more detail by extending the range of the aerodynamic parameters from that of the previous study done by Funazaki et al. (1997) . The emphasis of the study is placed on the effects of wake-passing frequency as well as wake characteristics such as wake turbulence or wake duration. Freestream turbulence is also varied to see how such a non-periodic flow disturbance alters the loss of the turbine cascade subjected to the wake-blade interaction process. The study is divided into two parts. This paper, Part I of the study, deals with the measurements using of a conventional pneumatic five-hole yawmeter in order to grasp timeaveraged three-dimensional flow structure around the cascade. Details of the time-resolved velocity and stagnation pressure downstream of the cascade, including the discussion on wake decay process through the cascade, will be described in Part II. Figure 1 shows a schematic layout of the test apparatus used in this study. Figure 2 depicts the detail of the test section, including the test cascade of HP turbine rotor blades. The configuration of the cascade and the flow conditions are listed in Table 1 , being compared with those of the corresponding turbomachines.
TEST APPARATUS Experimental Setup
A spoked-wheel type wake generator was at the 63 mm upstream of the cascade to simulate incident unsteady flow conditions to the target rotor blades. The wake generator consisted of a disk of 400mm diameter and cylindrical bars attached to the rim of the disk, as shown in Figure 3 . Two types of the bars were used in this study, whose diameters were 3 mm and 5 mm, respectively. The diameter of the root section for each type of the wake generating bars was larger than that of the main section to make the bar stiffness high enough to keep the bar vibration minimum. Unlike the study of Schulte and Hodson (1998) , the wake generator in this case could not generate two-dimensional wakes against the cascade. Attention was therefore paid to the location of the axis of the wake generator so that one of the bars became aligned with the leading edge line of the center blade (Blade 2) in the cascade, which was the target blade to be mainly measured, when the bar moved just ahead of the target blade. The number of the bars attached to the disk was 2, 6 and 12. Those bars passed across the inlet flow field moving along the slot on the lower endwall of the test section. This slot unavoidably bled some amount of air from the test channel, which in turn refreshed and thinned the boundary layer developing on the lower endwall. Four slots, designated as S0,S1,S2 and S3, were provided on the upper endwall for inserting a probe. Slot 0 (S0) located in the middle between the loci of the wake-generating bars and the blade leading edges. The rest of the slot were at the downstream of the cascade, where Slot 2 (S2) and Slot 3 (S3) were not used in this case and only Slot 1 (S1), situating 15 mm downstream of the blades in the axial direction, was used in this study. A detail drawing of the cascade and the measurement locations are shown in Figure 4 , with the inlet velocity triangle including wake defect.
Free-stream turbulence intensity measured at the Slot 0 was about 0.5% for no turbulence grid. For enhancing the free-stream turbulence a turbulence grid was placed at the upstream of the cascade, which yielded about 1.5% free-stream turbulence.
Instrumentation and Data Processing
Conventional five-hole yawmeter A pneumatic five-hole yawmeter was employed to measure stagnation pressure distributions and the velocity vectors at the upstream and downstream of the cascade. Each of the pressure holes in the probe head was connected to a pressure transducer with high sensitivity. This probe was carefully calibrated in a calibration tunnel, where the pressures measured and the corresponding pitch or yaw angle was related through the relationships proposed by Sitaram et al. (1981) . The relationships were actually approximated by two-variable 4-th order polynomials whose coefficients were determined by the least square method. A PC-controlled traversing unit precisely moved the probe to the point to be measured. Inlet stagnation pressure was measured by a Pitot tube at the location just upstream of the turbulence grid. Local stagnation pressure loss coefficient was accordingly defined as follows:
where U 1 was an inlet velocity. Pitchwisely mass-averaged loss coefficient z z ( ) and loss coefficient mass-averaged over one bladeto-blade passage ẑ were calculated by 
, ,
Number of nozzle vane Rotation number Table 1 
Uncertainty
It was found that uncertainty of the stagnation pressure loss coefficient was about 1.5% of the inlet dynamic pressure.
RESULTS
Test Conditions
Unsteady flow field around the test cascade was characterized by two parameters, i.e., Reynolds number Re , and wake Strouhal number S , defined by
where U 1 was inlet velocity and C x was the axial chord length (= 0.1 m). In the present case U 1 was 35 m/s and Re @ · 2 3 10 5 .
. n was 1200 rpm and n b was 2, 6 or 12, then corresponding to S =0.11, 0.34 or 0.69, respectively.
RESULTS
Bar wake characteristics
Figure 5 depicts an example of the moving-bar wake measurements at three different spanwise locations by use of a hot-wire probe, where T is a wake passing period. Details of the relevant measuring techniques will be explained in Part II. Note that these data were acquired in the middle of the passage between Blade 2 and Blade 3. From the comparison of three traces it can be concluded that incoming wakes from the moving bars impact against the target blade (Blade 2) almost simultaneously along the blade span. Figure  6 shows the experimental data of the wake deficit Dw against the streamwise distance from the bar L in the frame of reference fixed to the moving bar, which are taken from three different sources. Also shown is a correlation curve derived from the data of Meguro 1992) and is given as follows:
All experimental data follow the curve quite well except for the region close to the bar. Data on peak turbulence intensity in the bar wake are also compiled as shown in Figure 7 and they are compared with the correlation that was independently derived by Funazaki et al.(1995) . This correlation is given by the following equation:
where Tu max is measured from the background level of the turbulence. The correlation reproduces the experimental data of Meguro (1992) fairly well, while the discrepancy between the data of Halstead et al. (1995) and the correlation is distinct. The reason for this discrepancy is not clear yet.
Wake width can be defined in terms of velocity as well as wake turbulence. It was already shown by Halstead et al. (1995) and Funazaki et al. (1995) that wake semi-width using wake turbulence B 1 2 was about 1.5 times larger than that using velocity ( b 1 2 ), where the latter was well expressed by the following equation Meguro (1994) Tetsuka (1998) Halstead (1995) Correlation Figure 7 Streamwise decay of the wake peak turbulence (Dullenkopf et al. (1990) , Meguro (1992) ):
According to the above-mentioned correlations, one can estimate the incident wake characteristics at the locus of the blade leading edges, where the streamwise distance L in the relative frame of reference was about 157 mm. Table 1 summarizes the resultant data for the incident wake. Figure 8 shows the profiles of the pitchwisely mass-averaged loss coefficient measured at the downstream of the moving bars for all of the unsteady flow conditions. In the no grid case the stagnation pressure loss coefficient was almost zero along the blade span except for the blade tip and hub regions which were affected by the endwall boundary layers. Since there was no bleed slot on the upper endwall, the boundary layer on the upper endwall was much thicker than that of the lower endwall, resulting in the appearance of higher loss region near the blade tip. It seems that the turbulence grid promoted the growth of the lower endwall boundary layer and increased the loss considerably, which was actually because the inlet stagnation pressure was monitored at the upstream of the grid. However the net loss of the bars was almost the same as that of the no grid condition. This means the effects of wake Strouhal number and bar diameter, both of which tended to augment the stagnation pressure loss of the moving bars, did not exhibit any noticeable change under the influence of the enhanced free-stream turbulence. Figure 9 Figure 8 Pitchwisely mass-averaged loss profiles downstream of the moving bars stagnation pressure loss coefficients measured at the blade midspan against the wake Strouhal number, in comparison with the predictions using the correlation derived by Schulte and Hodson (1998) . A good agreement between the measurements and the predictions was achieved in a somewhat surprising manner. The stagnation pressure loss increased linearly with the wake Strouhal number. The change in bar diameter from d=3mm to d=5mm caused about 80% increase in the loss as a whole. Again it follows from Figure 9 that the free-stream turbulence had a minor effect on the moving bar loss. Some discussions should be made here on the results above. As seen in Figure 9 , the measured moving-bar losses almost matched the theoretical solutions that were independent to the distance between the bars and the downstream traversing location. Taking a glance at this agreement, one can suppose that the flow properties were in effect mixed out at Slot 0 and no additional loss originating from the bar wakes, e.g., mixing loss, could not occur in the subsequent cascade. As described in Part II, however, the measured velocity and stagnation pressure fields downstream of the moving bars were not in the fully mixed out condition. This implies that some additional mixing loss was inevitable after Slot 0. In this sense the experiment possibly overestimated the moving bar loss to some extent. However, since most of the mixing process happened near the bars, it does not appear that the resultant error in the measured stagnation pressure loss coefficient of the bars was substantial. Besides, as pointed out by Cumptsy (1994) , velocity deficits of the bar wakes seemed to contribute to an error in the measurement of the stagnation pressure downstream of the moving bars in the stationary frame of reference. Further examinations are still needed on the measured loss data.
Measurements of the moving-bar loss
Measurements of the wake-affected cascade loss
Without turbulence grid Figure 10 illustrates the stagnation pressure loss distributions downstream of the cascade measured for three wake Strouhal numbers without the influence of the turbulence grid. Note that the loss data appearing in this figure as well as in the rest of this paper were the consequences of the subtraction of the moving bar loss values in Figure 8 that the loss level increased at the suction side of the blade wake because of the wake passing and the pitchwise extent of the high loss region gradually enlarged, especially very near the blade tip region. These observations were reconfirmed by comparing pitchwise loss profiles at four spanwise locations as shown in Figure 11 . Peak values of the stagnation pressure loss observed in the blade wake exhibited slight decreases due to the wake passing. Furthermore it is clear in the loss profiles at z h =-0.24 and z h =0.0 that the wakeaffected loss coefficient gradually increased from the pressure side of one blade wake towards the suction side of the neighboring blade wake. Particularly, such a trend was pronounced for the cases of high wake Strouhal number or for d=5mm. In those cases the wakeaffected cascade loss at the pressure side seemed to slightly decrease compared to that of the no wake condition. These phenomena were already reported by Funazaki et al. (1997) . They indicated that a relative motion within the incoming wake towards the blade suction surface (negative jet effect) could cause such a biased distribution of the loss within the blade-to-blade passage or wake loss redistribution. Meanwhile, Denton (1993) pointed out that such a mixing process seemed to be affected by the flow acceleration/deceleration encountered in the blade row so that the mixing effect was rather reduced in most cases. Relevant discussions were made in detail by Adamczyk (1996) , Deregel and Tan (1996) Figure 12 Pitchwisely mass-averaged loss coefficients of the wake-affected cascade in the no grid condition Figure 13 Pitchwisely mass-averaged exit flow angle from the wake-affected cascade in the no grid condition Smith (1966) . Even though such a wake recovery existed in the present cascade, it seemed quite difficult to distinguish it from the viscous effect. Further arguments will be made in the z y/Py z / h =-0.24 Figure 14 Pitchwise distributions of the wake-affected cascade loss measured at the four spanwise locations in the enhanced free-stream condition companion paper Part II of this study. Another explanation on the biased loss distributions could be possible. As Hodson and Dawes (1996) pointed out, temporal static pressure fluctuations due to the wake passage had a potential to change the time-averaged stagnation enthalpy (for an adiabatic flow stagnation pressure). However, in Part I of the present study using the pneumatic probe, where the wake Strouhal number, e.g., reduced frequency of the static pressure fluctuation and its inter-blade phase angle, were significantly varied, the authors could not spot any clues showing the effects of the static pressure fluctuations.
Figures 12 and 13 depict profiles of pitchwisely mass-averaged loss coefficient and exit flow angle. As seen in Figure 12 substantial increases in the stagnation pressure loss were observed at the region from z h =-0.25 to z h =0.0. The loss core observed at z h =0.25 in the no wake condition seemed to move upward as the wake Strouhal number or the bar diameter increased, accompanied with the change in its loss level. This was also confirmed from the exit flow angle profiles in Figure 13 . The wake passage induced noticeable upward shift of the underturning zone otherwise observed around z h =0.25, while it scarcely affected the averaged exit flow angle over the region from z h =-0.25 to z h =0.0. The wake passing effect on the underturning zone around z h =-0.35 was also recognizable. With turbulence grid Figure 14 shows pitchwise distributions of the wake-affected cascade loss measured under the enhanced freestream turbulence condition. Even for the no wake condition there appeared non-uniform loss distributions outside the blade wakes at z h = 0.0 or z h = -0.24. Similar to the data shown in Figure 11 the loss increased with the wake Strouhal number or bar diameter at the suction side of the blade wake at z h =0.0 and z h =-0.24. The wake passage affected the high loss regions at z h =0.24 or z h =0.0 reducing their loss level, however its effect was relatively small in comparison with the data in the no grid condition. Profiles of pitchwisely mass-averaged loss coefficients and exit flow angles were demonstrated in Figures 15 and 16. Figure 15 depicts that the loss over the region from z h =-0.25 to z h =0.10 significantly increased because of the wake passing. Loss peaks appearing near the tip tended to move upward with the increase in the wake Strouhal number.
Mass-averaged loss coefficients
To extract the two-dimensional aspects of wake-blade interaction upon the cascade performance from the experimental data, the local loss coefficients were massaveraged over the blade-to-blade passage spanning from z h =-0.2 0.1, where the secondary flow effects could be considered minimal. Figure 17 shows the resultant loss coefficients for 'No Grid' and 'With Grid' cases, respectively. Note that for the no wake condition the loss coefficient in the no grid case was slightly higher than that with the turbulence grid. Although no attempts were made to measure the boundary layer on the blade suction side, it followed from the previous study (Funazaki et al.(1997) ) that a separation occurred on the suction surface of the blade. It was accordingly supposed that the observed loss reduction by introducing the turbulence grid was caused by the suppression of the separation bubble due to elevated turbulence intensity. The wake-affected loss coefficients for both cases were always larger than those of the steady flow conditions and they tended to increase with the wake Strouhal number. However their dependencies to the Strouhal number as well as to the bar diameter differed greatly. For the no grid case, it turned out that the loss coefficients could be roughly approximated by a single straight line regardless of the bar diameter. A similar event can be found by Schulte and Hodson (1998) . in the cascade test of a relatively low-Reynolds number. Remembering that the wake Strouhal numbers adopted in this study were low compared to those of the study by Schulte and Hodson, it seems reasonable to think that even if the wake passing worked to suppress the separation bubble, such an effect would not last for a long period and the separation bubble could re-establish during the interval of the wake (Schulte and Hodson) and a possible benefit of the wake passing upon the loss reduction remained a limited one except for the highest Strouhal number ( S =0.69) and the strongest wake turbulence ( d =5).
On the other hand, in the case using turbulence grid a noticeable difference was observed between the data of d =3 and d =5. Especially the data for d =5 exhibited a drastic increase in the wake-affected loss with the Strouhal number, which also looks like the finding of Schulte and Hodson in their relatively high-Reynolds number test. The consequence of the above discussion suggests that the elevated free-stream turbulence weakened the effect of the separation bubble and the wake passage acted as detrimental factor to the cascade performance. In addition, the elevated background turbulence level, which weakened the wake turbulence intensity particularly for the case of d =3 in a relative sense, seemed to contribute to the observed difference in the loss coefficient.
CONCLUSIONS
Detailed investigations were made on aerodynamic loss of a linear turbine cascade that was subjected to periodic wakes shed from the moving bars. The important findings in this study were summarized as follows: (1) The stagnation pressure loss coefficients measured at the downstream of the moving bars increased almost linearly with the wake Strouhal number. Those measured loss data agreed with the correlation derived by Schulte and Hodson fairly well. (2) Peak values of the stagnation pressure loss observed in the blade wake decreased slightly due to the wake passing. It was found in all unsteady flow conditions that the wake-affected loss coefficient gradually rose from the pressure side of one blade wake towards the suction side of the neighboring blade wake. Such a trend was pronounced for the higher wake Strouhal numbers or for the larger bar diameter. (3) The pitchwisely-averaged stagnation pressure loss at the midspan region substantially increased with the bar wake passing over the cascade. The loss core observed near the upper endwall in the no wake condition seemed to move upward as the wake Strouhal number or the bar diameter increased. This was also confirmed in the exit flow angle profiles, showing noticeable upward shift of the underturning zone observed around z h =0.25. (4) The mass-averaged cascade loss coefficients for no grid and with grid conditions were always larger than those of the steady flow conditions, and they tended to increase with the wake Strouhal number. However their dependences on the Strouhal number and on the bar diameter differed greatly, which was probably due to the difference in the state of the boundary layer on the blade surface between with or without the influence of the elevated free-stream turbulence.
